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Abstract 

This note describes one possible way of delivering beam for the g-2 experiment at Fermilab. We assume that the existing g-2 experiment will be moved from BNL to Fermilab and that the experiment can start taking data one or two years after the end of the Tevatron collider run. The plan is to use the Booster beam that is not used by the MINOS or NOVA experiments.  We believe that the needed modifications to the existing Fermilab infrastructure to accommodate the g-2 experiment will cost less than $20 M.

Introduction 

Figure 1 shows the part of Fermilab accelerator complex that we are planning to use.

The Fermilab Booster is a resonant 8 GeV rapid cycling synchrotron with 15 Hz repetition rate. Due to limitations of various machine components, only 2/3 of the Booster cycles can now be used to accelerate beam in the main injector.  An upgrade program to improve these components to be carried out in the next few years should allow all cycles to accelerate beam.  
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Figure 1: Fermilab injector complex overview.  
In the post-collider era, the 8 GeV Recycler Ring (RR) will be used to accumulate and store beam from twelve Booster cycles to inject into the Main Injector (MI) for acceleration to 120 GeV for the neutrino program.  Each Booster cycle delivers a “batch” or a train of 84, 53-MHz RF bunches which occupies one seventh of the Recycler Ring.  “Slip-stacking” is the name of the momentum-space manipulation that allows twelve batches to fit into a ring where there is apparently only room for half that many.
The minimum Main Injector cycle time will be limited to 1.33 second by available RF capability on the acceleration ramp and by magnet power supply capability on the down-going ramp.  This period of 1.33 seconds corresponds to 20 Booster cycles.  After 12 Booster cycles are used to feed the MI, eight Booster cycles will be available for an 8 GeV program, as seen in the top two timelines of figure 2.  
When the eight Booster cycles are not being used for the MI, there will be no need to store any beam in the Recycler, which can be used for beam manipulations for the 8 GeV experimental programs.  In this scenario, the 8-GeV experimental program has a 40% duty factor.
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Figure 2: Timing diagrams for the proposed g-2 operation. The Main Injector ramps up and down in 1.33 seconds. During first 528 ms of the Main Injector ramp the Recycler Ring is empty and can be used to prepare and deliver beam to the g-2 ring. Each Booster cycle delivers a “batch” or a train of 84, 53-MHz RF bunches which occupies one seventh of the Recycler Ring.  From this batch, six segments of fourteen Booster bunches can be quickly be formed with ~9e11 protons per segment. Every 11 ms one proton segment from the Recycler is extracted and sent to the target.
A possible method to use each Booster cycle for g-2 operation is described by the following steps:
1. A Booster batch (84 proton bunches) is injected into the recycler ring.
2. The batch is subdivided using a sub-harmonic RF system (or possibly a barrier bucket scheme) into 6 segments with sufficient time between each segment to allow for the rise time of an RR extraction kicker (~180 ns).  The length of each segment will be compressed by the sub-harmonic bunch rotation to correspond  to the length of the muon pulse to be delivered to the g-2 storage ring (less than ~30 ns to allow ~10 ns for the g-2 injection kicker)
3. Each segment of 9 x 1011 protons is then extracted from the RR one-at-a-time at 11 ms intervals and directed to a pion production target in AP10 (along the same path as is currently being used for antiproton production.)
4. The pion beam is injected into the Debuncher ring where the pions decay and the muons are collected.  (The use of a pion focusing/collection scheme is yet to be investigated.  The muon capture process in the Debuncher is also to be simulated. )
5.  After some number of turns to improve the muon to pion ratio (discussed below), the beam is extracted from the Debuncher ring, transported back to the AP0 area, and injected into the g-2 storage ring.

6. Thus 48 injections at 11 ms intervals are made into the g-2 ring for each 1.33 second  Main Injector cycle.
We envision one Booster batch (of 84-RF bunches) injected into the  Recycler, where it will be formed into six segments using either a 3.8 MHz RF system or Barrier Bucket system.   These six segments will be extracted at eleven ms intervals through the P1 line, through part of the Tevatron tunnel, and onto the existing p-bar target in AP0. Because the g-2 experiment needs 3.09 GeV polarized muons (with a magic gamma of 29.26) we will collect pions at a slightly lower momentum and inject them using the P2 transfer line into the existing p-bar Debuncher Ring. 
One turn in the Debuncher corresponds to a pion decay path of 475 m (1.558s).  More turns can be used to reduce pion contamination, as shown in Table I.  

Table I Pion and Muon parameters in the Debuncher Ring

	
	
	
	
	1.558 s
	% after 1 turn
	% after 2 turns
	% after 3 turns

	
	0.998981
	22.16
	0.577 s
	2.7
	6.7 %
	0.4%
	0.03%

	
	0.999416
	29.26
	64.29 s
	0.024
	97.6 %
	95.3 %
	93.1%


At BNL a muon accumulator ring (MAR) with approximately 1/3 the circumference of the Debuncher was once proposed to feed the g-2 ring.  At Brookhaven, the beam incident on the g-2 storage ring was 1:1  to , which caused a significant hadronic flash at injection.  After 6 turns in the MAR, (which is about 2 times around the Debuncher) the ratio would have been around 10%, which still might be significant.  A 3rd turn in the Debuncher would improve this significantly. 

The muon beam will be extracted from the Debuncher and transported using the existing P3 transfer line toward the AP0 building where the g-2 ring can be installed.   The g-2 ring is 20 meters in diameter and must be positioned on a solid floor.  The AP0 ground floor can be used to house the ring or a new simple building can be constructed on the AP0 parking lot. 

The rest of this note will describe the needed modifications to the present infrastructure.

8 GeV Injection into Recycler 

The 120 GeV neutrino program is planning to use the Recycler Ring for slip stacking to store twelve Booster batches to minimize the dwell time of the Main Injector at injection energy. The injection of the Booster beam into the Recycler Ring for the g-2 experiment as is described here is the same as for the 120 GeV Neutrino Program, but without the complication of slip stacking.

Beam Bunching in Recycler 

The aim is to have six beam segments form in 10 ms after injection. There are two ideas to do this. One is to build 3.8 MHz RF system to bunch rotate 14 Booster bunches and then contain them using the 53 MHz system.  Another option is to use a Barrier Bucket System to compress each segment and to create a gap between the segments that can be used for the rise time of a fast extraction kicker.  (Chandra, Jim, François.. help please) 
Beam Extraction from Recycler 

The last proton bunch formed with one of  the techniques described above will be separated by more than 200 ns from the rest of the charge in the train. We will need a kicker system with a rise time of ~180 ns, flat top of ~50 ns, decay time ~5
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s, and will fire every 11ms eight times every 1.33sec. This does not look very difficult, but it has to be designed and built. We should ask Dan Wolff and Chris Jensen for help  

P1 Transport Line 

This line will be used by any experiment that will use the Boomerang Scheme. There is a conceptual design in the paper on the Boomerang Scheme and I do not think that g-2 should be fully charged with this upgrade of the complex. Dave, John …
Target Modification 

Here we should try to get help from p-bar people, Keith, Tony Levelin , …. 
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Figure 3. P-Bar Target Station Components

We do not need the Lithium lens, which would be hard to make it run at 100 Hz. The pion beam that we will collect is at 3 GeV and we should consider a DC magnet. We should look all this in detail. It will be also useful if Cary Yoshikawa or Nikolai Mokhov could look what we get from different targets. We will need the pion spectrum for G4beamline simulations. 

Debuncher/Accumulator Modification 
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We need to look at Debuncher/Accumulator lattices. How much change is there from 8 to 3 GeV? What is the momentum aperture and transverse acceptance at 3 GeV?  Do we need to remove some of the cooling tanks to increase the aperture and what are the other aperture limiting devices? Can we use existing injection and extraction systems? Do we need both rings in series to avoid sophisticated injection extraction systems? Probably Mike Syphers will be interested too. 

Muon Beam Transport 

Here I am hoping that full G4beamline will be done and will be useful to have. I assume that we can do simulation from target to the experimental ring and learn lot. We may need to change some quads in the transport lines. I am assuming that the limiting aperture will be in the g-2 ring and that will define the aperture needed upstream. Can this be seen as SBIR based on G4beamline? Anyway we need quickly g4model. Tom, Katsuya, Cary, Branko, .. help will be needed.  
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Experimental Hall 

The present plan is to house the g-2 ring in the AP0 on ground floor if there is space. The ring needs empty space of about 20 meters in diameter. 
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If AP0 building is too small or it will be hard to rearrange equipment on the north side of the floor, we should think about a new building, somewhere on the north part of the parking lot. The experiment needs heavy floor (get from Lee weight, stability, and vibration requirements) and the building that is climate-controlled. We should ask Russ and Tomski from FESS for help 
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Safety and Beam Power 

The beam requirement of the g-2 experiment is modest by Fermilab standards. The average power on the target will be 38kW comparing to the 70kW that is used for p-bar production these days. At the same time the stored beam in the Recycler Ring and Antiproton complex is less than for Neutrino Program or Collider Physics. The Booster will be the only machine that will effectively have increased beam power to the full capacity, 96kW. This is something that laboratory has already planned, but we should address it. Eric and Kasper should be able to help us.

Cost 

We have tried to guesstimate the cost of different modifications that have to be done to the existing structure to make g-2 experiment possible at Fermilab.  We have also included cost of new components and civil construction. We do not think that all this has to be paid by the g-2 experiment. In the red is the cost that we do not think that the g-2 experiment should share.

	Component
	Cost
	g-2 cost

	Booster 15Hz upgrade
	2.0M$
	

	8GeV to Recycler
	3.0M$
	

	RF/BarrierBucket
	3.0M$
	3.0M$

	Recyclet extraction Kicker to P1 Line
	2,0M$
	1.0M$

	Recyclet to P1 Line
	1.0M$
	

	Target Modification
	1.0M$
	1.0M$

	Rings Modification
	1.0M$
	1.0M$

	P2&P3 Lines Modification
	1.0M$
	0.5M$

	Injection&Extraction Kickers from D/A
	2.0M$
	1.0M$

	New Line to experiment
	1.0M$
	1.0M$

	New Hall
	2.0M$
	2.0M$

	Total g-2
	
	10.5M$

	GRAND TOTAL
	19.0M$
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